MYC's tumorigenic potential involves increased ribosome biogenesis and translational capacity, which supply the cell with protein required for enhanced cell growth and subsequent cell division. In addition to activation of protein-encoding genes transcribed by RNA polymerase II, MYC must stimulate transcription by RNA polymerase I and RNA polymerase III to meet this synthetic demand. In the past decade our knowledge of the mechanisms and importance of MYC regulation of RNA polymerases I and III has flourished. Here we discuss MYC's influence on transcription by these "odd" RNA polymerases and the physiological impact of this regulation is evaluated with relevance to cancer development and treatment.
I
n eukaryotes there are three major nuclear RNA polymerases. They are large multisubunit complexes that each use specific cofactors to drive transcription in vivo. RNA polymerase II (Pol II) transcribes thousands of protein-encoding genes into mRNA. RNA polymerase I (Pol I) produces only one transcript, the 47S immature ribosomal RNA ( pre-rRNA), from the rDNA gene repeats. RNA polymerase III (Pol III) synthesizes 5S rRNA and other short noncoding RNAs, such as transfer RNAs (tRNAs). Pol I and Pol III activities account for 80% of nuclear transcription and their activity is altered dynamically in response to developmental and environmental signals. Consistent with their role in cellular growth, Pol I and Pol III products and cofactors are overexpressed in many cancer cells (White 2008; Hannan et al. 2013) . In recent years, much has been elucidated of the control of Pol I and Pol III transcription by oncogenes and tumor suppressors (White 2008; Hannan et al. 2013) . In particular, the manufacture of Pol I and Pol III products is highly regulated by MYC. In multiple cell types, MYC stimulates ribosome biogenesis, RNA processing and cell growth (accumulation of mass) (Ji et al. 2011) , processes that rely heavily on Pol I and Pol III function. Protein synthesis determines the rate at which a cell accumulates mass and under most conditions proliferation is coupled to cell growth. The rate of ribosome biogenesis is precisely controlled to allow the requisite protein synthesis. This requires the coordinated activity of all three major nuclear RNA polymerases to synthesize ribosomal components. Pol I synthesizes 47S pre-rRNA, which undergoes processing into mature 18S, 5.8S, and 28S rRNA, and together with 5S rRNA (transcribed by Pol III) constitutes the nucleic acid backbone and catalytic activity of the ribosome. Pol III also contributes the tRNA that is essential for translation. Pol II produces mRNAs encoding a large number of ribosomal proteins and accessory factors, such as those required for translation elongation. In cancer, the metabolic appetite of a cell is increased as more macromolecules are required to sustain enhanced growth and subsequent cell division. As Pol I and Pol III products are core ribosomal components, it is perhaps not surprising that these enzymes, their cofactors and products are found to be up-regulated in cancer.
MYC EXPRESSION PROMOTES RIBOSOME BIOGENESIS AND INCREASED rRNA LEVELS
A principal function of MYC is to influence ribosome biogenesis. Genes with ribosome, nucleolar, or RNA processing functions comprise a core signature of MYC-responsive genes in mammals (Ji et al. 2011) . In agreement with studies in mammalian systems, many of the genes up-regulated by Drosophila Myc (dMyc) encode products involved in ribosome biogenesis (Grewal et al. 2005) . There is much evidence that augmented ribosome activity and translational capacity are tumor-promoting and that enhanced capacity for protein synthesis may be critical for MYC's oncogenic effect (Ruggero 2009; van Riggelen et al. 2010) .
In resting MYC-null rat fibroblasts, rRNA levels are reduced by 20% relative to wildtype. On cell cycle stimulation, rRNA accumulation is delayed twofold, with a similar reduction in proliferative rate (Mateyak et al. 1997) . Restoration of MYC leads to rapid rRNA gene transcription (Shiue et al. 2009 ). Therefore, MYC expression correlates with levels of rRNA synthesis. It seems plausible that any growth stimulus would up-regulate ribosome biogenesis, yet there is specificity in the MYC effect, as overexpression of either insulin receptor (InR) or the PI3K subunit dp110 (which increase cell growth in Drosophila) did not elevate rRNA synthesis, unlike dMyc expression (Grewal et al. 2005) .
EFFECTS OF MYC ON TRANSCRIPTION BY POL I
Pol I is a 14 subunit enzyme that enlists a small number of cofactors to efficiently transcribe the 47S pre-rRNA, illustrated in Figure 1 . In brief, UBF (upstream binding factor) binds to multiple sites throughout rDNA and allows preinitiation complex assembly and remodeling of rDNA chromatin. Selectivity factor 1 (SL1/TIF-1B) is composed of the TATA-binding protein (TBP) and TBP-associated factors (TAFs). SL1 interacts with UBF and binds rDNA promoter sequences. Rrn3 (also known as TIF-1A) interacts with the UBF/SL1 complex and recruits Pol I, allowing transcription to commence (Russell and Zomerdijk 2005) .
MYC can regulate Pol I activity through influencing the abundance of UBF, a factor that is rate-limiting for Pol I transcription under some circumstances (Poortinga et al. 2004 (Poortinga et al. , 2011 . When activated in fibroblasts using hydroxytamoxifen, a MYC-ER fusion protein (in which MYC is regulated by the ligand-binding domain of the estrogen receptor [ER]) bound to E-box sequences in the UBF promoter and raised UBF expression (Poortinga et al. 2004) . UBF binding to rDNA was enriched in proliferating cells and MYC induction of rRNA required UBF (Poortinga et al. 2004) . MYC regulation of Pol I transcription is not secondary to cell cycle changes, as these effects also occurred in noncycling cells (Poortinga et al. 2004) . In Drosophila, dMyc increases the expression of Pol I subunits and cofactors (Grewal et al. 2005) . Induction of dMyc in early third-instar larvae, mitotic cells of imaginal wing disc or salivary gland cells all resulted in increased rDNA transcription and ribosome biogenesis (Grewal et al. 2005) . Conversely, decreased dMyc expression in first-instar larvae downregulated rDNA transcription and decreased nucleolar size, evidencing decreased ribosome production (Grewal et al. 2005) . These effects appear to reflect dMyc/ dMax binding, as E-box sequences are found in the promoters of the dMyc-responsive Pol I subunits and cofactors (Grewal et al. 2005 ) and dMyc requires dMax to increase rRNA expression (Steiger et al. 2008) .
In addition to regulating UBF expression, MYC can also influence the expression of other Pol-I-specific subunits and transcription factors. In line with this, ENCODE ChIP-seq data annotates the promoters of all subunits of SL1, as well as Rrn3 and UBF, as sites of MYC binding (Rosenbloom et al. 2013 ). Induction of MYC in mouse promyelocytes increased the expression of 79% of genes encoding Pol-I-specific subunits or cofactors, including UBF and Rrn3 (Poortinga et al. 2011) . Direct binding of MYC to the UBF and Rrn3 promoters was confirmed by ChIP. MYC also raised expression of 43% of the genes encoding Pol-III-specific subunits and transcription factors. In contrast, only 14% of genes encoding Pol-II-specific subunits and factors were responsive to MYC under these conditions (Poortinga et al. 2011) . The importance of up-regulation of Pol I expression for MYC's oncogenic program should not be underestimated. A Pol I subunit is among 51 protein-encoding genes that comprise a MYC core signature across numerous cancer cell lines and thousands of microarray samples (Ji et al. 2011) .
Although MYC can clearly regulate the Pol-II-dependent expression of Pol I apparatus (summarized in Table 1 ), this is not the only mechanism it uses for regulation of rRNA synthesis. MYC-induced increase in rRNA levels can occur even in the presence of concentrations of a-amanitin that specifically inhibit synthesis of mRNAs, including those encoding the subunits of Pol I and its cofactors (Arabi et al. 2005; Grandori et al. 2005) . This observation, along with the rapidity of induction of rDNA expression, suggests a direct effect of MYC on rDNA transcription (Arabi et al. 2005; Grandori et al. 2005) . Indeed, in mammalian cells the 5.8S, 18S, and 28S rRNAs are encoded by genes bound and activated by MYC (Arabi et al. 2005; Grandori et al. 2005; Lin et al. 2012) . These rRNA genes occur in repeats that cluster in the nucleolus where they are transcribed. On either serum stimulation of resting cells or in cells treated with proteasome inhibitors, MYC colocalizes in the nucleolus with rDNA genes (Arabi et al. 2005; Grandori et al. 2005) . Human rDNA genes are enriched for E-box MYC-binding motifs and ChIP assay showed that MYC binds to rDNA genes in regions containing noncanonical E boxes (Arabi et al. 2005; (Grandori et al. 2005) . The transactivation domain of MYC is required for increased rDNA transcription (Grandori et al. 2005) , whereas carboxy-terminal regions including the basic region at residues 355-368 are important for nucleolar localization (Arabi et al. 2005) . MYC can influence rRNA synthesis by recruiting histone acetyltransferases to alter the chromatin structure of rDNA. MYC induction increased levels of acetylated histones H3 and H4 at rDNA (Grandori et al. 2005) . Proliferative stimulation of lymphocytes rapidly induced MYC levels and binding to rDNA, along with increased presence of Pol I, acetylated histone H4 and the transformation/transcription domain associated protein (TRRAP), a coactivator that associates with histone acetyltransferases (Arabi et al. 2005) . Although induction of ribosome biogenesis (RiBi) genes is thought to be an ancient function of MYC (Brown et al. 2008) , direct activation of Pol I transcription by MYC appears to have been acquired relatively late during evolution. Human and rat rDNA both contain multiple E-box sequences, but their number and spacing are not conserved (Arabi et al. 2005; Grandori et al. 2005; Shiue et al. 2009 ). Furthermore, Drosophila rDNA does not contain canonical E boxes nor could dMyc binding to rDNA be detected (Grewal et al. 2005) . MYCdependent alterations in higher order chromatin structure may also contribute to activation of rDNA gene expression. On serum stimulation of quiescent rat fibroblasts, MYC is necessary for full Pol I activity and MYC induction not only facilitated binding of Pol I and TBP to rDNA promoter and upstream enhancer sequences, but also resulted in their recruitment to nontranscribed downstream sequences (Shiue et al. 2009 ). In the presence of MYC, serum stimulation rapidly led to the formation of gene loop structures of rDNA that may enhance transcriptional reinitiation by linking promoter and terminator sequences (Shiue et al. 2009 ).
About half of the 200 copies of rDNA repeat are transcribed by Pol I in mammalian cells, the remainder being associated with chromatin states that are not conducive to transcription (McStay and Grummt 2008) . A model has been proposed in which MYC induction of Pol II transcription occurs by amplifying the output of the existing gene program, rather than switching on additional genes (Lin et al. 2012; Nie et al. 2012 ). In keeping with this scenario, activation of a MYC-ER construct with hydroxytamoxifen in terminally differentiated murine granulocytes lead to a twofold increase in Pol I transcription without any appreciable change in the fraction of active rDNA repeats (Poortinga et al. 2011) . However, when MYC-ER was activated before differentiation was complete, the ratio of active to inactive repeats was shifted by 10% (Poortinga et al. 2011) . The investigators suggested that this may reflect induction of UBF, which antagonizes the epigenetic silencing of rDNA.
MYC also influences Pol I product output at the level of rRNA processing that occurs in the nucleolus. A screen using a human B-cell line and rat MYC null fibroblasts, both with conditional activation of MYC, identified new target genes, the largest class of which had nucleolar function (Schlosser et al. 2003) . MYC expression induced both the synthesis of 47S rRNA precursor and its subsequent processing to mature 5.8S, 18S, and 28S rRNA ribosomal components (Schlosser et al. 2003) . This likely reflects the fact that many direct MYC targets encode proteins involved in rRNA processing and maturation in the nucleolus. Examples include fibrillarin, dyskeratin, nucleolin, and nucleophosmin (Schlosser et al. 2003) . In addition to endoribonuclease activity that contributes to pre-rRNA processing, nucleophosmin has also been shown to promote SL1 recruitment to rRNA gene promoters, thereby stimulating Pol I transcription (Bergstralh et al. 2007 ). This effect may be mediated, at least in part, by the ability of nucleophosmin to draw MYC into the nucleolus (Li and Hann 2013) . Accordingly, overexpression of nucleophosmin significantly enhances the increase in pre-rRNA synthesis invoked by MYC-ER activation, whereas the response is compromised if nucleophosmin is depleted by RNAi (Li and Hann 2013) . Thus, the ability of MYC to directly stimulate tran-scription of the nucleophosmin gene may serve to amplify its direct effects on rRNA expression.
As summarized in Figure 3 , MYC enhances rRNA production through multiple mechanisms and at multiple levels. MYC up-regulates the expression of Pol I and Pol I cofactors, directly binds to rDNA in mammalian cells, and improves chromatin accessibility through histone acetylation. MYC interacts with Pol-I-specific transcription factors to further enhance Pol I recruitment to its targets and also alters the higher order chromatin structure of rDNA, creating gene loops to maximize Pol I output. Finally, MYC augments the processing of the Pol I product into its mature form.
MYC INTERACTIONS WITH POL III
Pol III is the largest RNA polymerase, comprising 17 subunits, and also uses specific transcription factors to drive expression of its target genes, illustrated in Figure 2 . This requires the ordered recruitment of basal Pol-III-specific transcription factors TFIIIC and TFIIIB before polymerase loading. TFIIIC is composed of six subunits and binds promoter DNA located within the transcribed region of Pol III target genes. TFIIIC does not have high affinity for the 5S rRNA promoter and at this gene TFIIIA must be bound first to recruit TFIIIC. TFIIIB is composed of 3 subunits; TBP, Bdp1, and Brf1 or Brf2. Once TFIIIC is bound, TFIIIB is able to recognize its binding site upstream of the transcriptional start site. TFIIIB recruits Pol III and transcription can start (Schramm and Hernandez 2002) .
The level of Pol III products such as B2 RNA and tRNAs are decreased in fibroblasts deficient for MYC, but rapidly up-regulated on MYC-ER induction Kenneth et al. 2007) . Similarly, increased MYC results in enhanced synthesis of tRNA and/or 5S rRNAs in B cells, cardiomyocytes and hepatocytes Lin et al. 2012; Shukla and Kumar 2012) . Induction of tRNA synthesis was also seen in vivo when MYC-ER was activated in transgenic mice . Conversely, depletion of MYC by RNAi led to decreased expression of Pol III products (Felton-Edkins et al. 2003; Owen et al. 2010) . In insect cells, dMyc overexpression stimulated Pol III transcription, whereas dMyc knockdown had the opposite effect (Steiger et al. 2008) . Like Pol I and Pol II transcribed genes, there is much evidence to show that Pol III templates are direct MYC targets. MYC has been detected at tRNA, 5S rRNA, and other Pol III-transcribed genes in numerous cell types (Felton-Edkins et al. 2003; Gomez-Roman et al. 2003; Raha et al. 2010; Lin et al. 2012) . Endogenous MYC has been detected at 74% of genes occupied by Pol III in the human K562 erythroleukemia cell line (Raha et al. 2010) . Therefore, in multiple cell types the level of MYC parallels Pol III activity and this corresponds with MYC presence at Pol III-transcribed genes.
The transactivation domain of MYC is required to regulate Pol III transcription, as induction of MYC-S (lacking the amino-terminus of MYC) did not increase B2 RNA levels and deletion of MYC residues 106-143 prevented tRNA induction . Contained within this region is the motif MBII, and TRRAP coactivator binding to MBII provides a mechanistic explanation for elevated Pol III transcription (Kenneth et al. 2007 ). This is Figure 2 . Assembly of Pol III apparatus on tRNA and 5S rRNA genes. TFIIIB and TFIIIC complexes are basal Pol III transcription factors. TFIIIA is required for TFIIIC recruitment to the 5S rRNA gene. Arrow begins at transcription start site. Shaded areas in tRNA and 5S rRNA genes indicate internal promoter regions.
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Cite this article as Cold Spring Harb Perspect Med 2014;4:a018408 somewhat similar to Pol II transcription, in that MYC facilitates recruitment of the coactivator TRRAP, which associates with the histone acetyltransferase GCN5 to increase histone acetylation (Kenneth et al. 2007 ). However, unlike many Pol II targets, there was increased histone H3 but not H4 acetylation at Pol III-transcribed genes on MYC recruitment (Kenneth et al. 2007 ). This selectivity could be caused by high basal acetylation of histone H4 at these genes or perhaps because the Tip60 histone acetyltransferase was not detected at Pol III target genes (Kenneth et al. 2007 ). Under conditions of ribosomal stress 5S and tRNA expression is reduced and released ribosomal protein L11 can be detected at these genes (Dai et al. 2010 ). L11 binding to MYC prevents TRRAP recruitment to Pol III transcribed genes in a similar feedback mechanism as at Pol I and Pol II target genes (Dai et al. 2010) . Therefore, the amino-terminal region of MYC allows alteration of histone acetylation status at Pol III target genes to facilitate Pol III loading. Although MYC does not typically increase Pol II occupancy at its target genes, elevated Pol III binding was clearly seen in fibroblasts in response to MYC (Ernens et al. 2006; Kenneth et al. 2007 ). With one exception, each mammalian tRNA is encoded by a family of redundant genes, many of which are silent (White 2011) . It is not yet clear whether MYC can activate silent tRNA genes, or serves exclusively to amplify expression of the active tRNA genes, as suggested for Pol II transcription (Lin et al. 2012; Nie et al. 2012) .
As most Pol III target genes are not close to canonical DNA sequences that are recognized by MYC/MAX heterodimers, how is MYC recruited to these promoters? MYC binds TBP, a component of the basal transcription apparatus for all three multisubunit RNA polymerases (Hateboer et al. 1993; McEwan et al. 1996) . Both TBP and Brf1 TFIIIB subunits interact with a GST-fusion protein containing the amino-terminal 262 residues of MYC, but not the carboxy-terminal 92 amino acids (Gomez- . MYC coimmunoprecipitated with Brf1 in nonproliferative rat neonatal cardiomyocytes (Ernens et al. 2006) . Brf and dMyc also coimmunoprecipitated in extracts from insect cells and this interaction was maintained even when the carboxy-terminal region of dMyc was absent (Steiger et al. 2008) . dMyc not only binds Brf but a genetic interaction has also been shown. Heterozygous loss of Brf in a dMyc mutant background resulted in reduced eye size and more frequent eye defects (Steiger et al. 2008 ). Therefore, it seems likely that MYC is recruited to Pol III target genes via interaction with components of TFIIIB.
TFIIIC may also attract MYC to Pol III templates. A proteomic screen identified four of six TFIIIC subunits associated with MYC in transformed human embryonic kidney cells and a colorectal cancer cell line (Koch et al. 2007) . It is conceivable that MYC is differentially recruited to specific Pol III templates in different cell types via TFIIIB or TFIIIC. Alternatively, the primary interaction of MYC could be with TFIIIB, as this has been mapped using in vitro pull-down assay . Perhaps the detection of TFIIIC interaction with MYC is indicative of a MYC/TFIIIB/ TFIIIC complex as direct binding of MYC to TFIIIC has not been reported (Koch et al. 2007 ). Another possibility is that TFIIIC recruits MYC, and associated histone acetlytransferase activity, which then promotes TFIIIB binding. This is consistent with the observation that MYC induction increases TFIIIB presence at target genes, whereas TFIIIC recruitment is unchanged (Kenneth et al. 2007 ). Regardless of which of these scenarios proves true, it is clear that interaction with Pol III cofactors at the promoters of Pol III target genes offers one mechanism by which MYC regulates Pol III activity.
Does MYC activate expression of Pol III subunits or cofactors? MYC activation of Pol III transcription certainly does not require up-regulation of Pol III subunits or transcription factors, as inhibition of Pol II transcription with a-amanitin did not prevent rapid induction of pol III-transcribed genes by MYC-ER . Induction of MYC-ER in fibroblasts did not alter expression of a subset of TFIIIB, TFIIIC, and Pol III subunits that were investigated Kenneth et al. 2007) . Although the early time points used in these experiments were relevant to the induction of Pol III target gene expression, they do not exclude a secondary indirect effect through later up-regulation of these proteins. It seems pertinent that five of six TFIIIC subunits, as well as the Pol-III-specific components of TFIIIB, have all been shown to have MYC bound in the vicinity of their promoters in ChIP-seq experiments (Rosenbloom et al. 2013) . Furthermore, dMyc overexpression upregulated three genes implicated in Pol III transcription (Grewal et al. 2005) and Pol IIIsubunits and cofactors have been identified as MYC-regulated genes in mammalian cells (see Table 1 ). MYC is capable of robust induction of Pol III target genes (e.g., 12-fold induction of pre-tRNA Leu by MYC-ER in primary human fibroblasts) , whereas MYC induction of Pol II target genes is generally more conservative. This is perhaps reflective of MYC stimulating Pol III activity at multiple levels, summarized in Figure 3 . MYC can bind to TFIIIB and recruit histone acetyltransferase activity to Pol III templates to enhance Pol III loading. MYC can up-regulate the expression of Pol III subunits and cofactors, which allows potential for further stimulation of activity, although the requirement for this in vivo has still to be shown. In these respects, MYC regulation of Pol I and Pol III is quite similar. This seems logical, as their products must act in concert to facilitate MYC-driven cell growth (Fig. 3) . It is not known whether MYC can influence the higher-order chromatin structure at Pol III target genes into gene loops as documented at rDNA. tRNA genes, like rDNA, are dispersed throughout the genome, often occurring in clusters, and it would appear an efficient mechanism to coordinate their expression by grouping in higher-order structures.
INVOLVEMENT OF THE MAX NETWORK IN REGULATING POL I AND POL III
In mammalian cells, MAX colocalizes with MYC in the nucleolus (the site of rRNA synthesis) following proteasome inhibition (Arabi et al. 2005) or serum stimulation of resting cells www.perspectivesinmedicine.org (Grandori et al. 2005) . MAX can be cross-linked to the rDNA repeats (Arabi et al. 2005) . Inhibitors that disrupt the MAX/MYC interaction can reduce the rRNA content of activated B cells (Arabi et al. 2005; Nie et al. 2012 ) and tRNA expression in serum-stimulated cardiomyocytes ). This suggests that MAX is involved in regulating Pol I and Pol III, in which case other components of the MAX network may contribute. Indeed, mice deficient for MAD1 have enlarged granulocytes and nucleoli, as well as increased levels of RNA (Poortinga et al. 2004) . MAD1 can decrease Pol IIIdependent expression of UBF and the Pol III subunit BN51/RPC4 (Greasley et al. 2000; Poortinga et al. 2004) . Increased expression of dMnt in Drosophila decreases rDNA transcription (Grewal et al. 2005) . In Drosophila, dMax is required for activation of Pol I transcription, probably through increases in Pol I subunits and transcription factors, as E-box sequences are present in their promoters but not in Drosophila rDNA (Grewal et al. 2005; Steiger et al. 2008 ). However, a mutant dMyc that is incapable of interacting with dMax or binding to E-box sequences can still activate expression of Pol IIItranscribed genes (Steiger et al. 2008) . In fact, stimulation of Pol III target genes by dMyc is actually enhanced in the absence of dMax (Steiger et al. 2008) . Thus, Pol III regulation by MYC may require MAX in mammals but not in flies. However, the situation in mammalian cells has yet to be fully characterized and it remains unclear to what extent transcription by Pol I and Pol III is controlled by other proteins of the MAX network besides MYC.
UP-REGULATION OF POL I AND POL III TRANSCRIPTION BY MYC DRIVES CELL GROWTH
Both Pol I and Pol III activities are important for MYC-driven cell growth, which can be uncoupled from cell division in Drosophila (Johnston et al. 1999) . Expression of a mutant form of Pol I decreased cell size of developing wing disc clones with elevated dMyc (Grewal et al. 2005) . Comparison of dMyc mutants, whose only identified differential gene expression effects were on Pol III target genes, suggested that dMyc's ability to up-regulate Pol III activity resulted in increased survival and growth (Steiger et al. 2008) . In mammalian cells, MYC regulation of Pol I and Pol III is also linked to cell growth. As granulocytes differentiate into neutrophils they become smaller in the absence of cell division. When this was modeled in culture by stimulating mouse promyelocytes to differentiate, it was found that MYC levels decreased as did the expression of many Pol I and Pol III subunits/cofactors (Poortinga et al. 2011) . A decrease in MYC binding to rDNA and in rRNA expression was also observed (Poortinga et al. 2011) . Interestingly, induction of MYC in these differentiated cells was sufficient to increase cell size and resulted in cells that appeared less mature and in which Pol I and Pol III machinery were up-regulated (Poortinga et al. 2011) . Therefore, in terminally differentiated granulocytes, MYC controls cell size and Pol I /Pol III activity. Increased protein synthesis capacity and activity of Pol I and Pol III are found in cardiomyocyte hypertrophy, which has been associated with cardiac pathologies . Cardiomyocytes require increased Pol I transcription to grow (Brandenburger et al. 2001) and hypertrophic signaling in these terminally differentiated cells induces MYC expression, which was necessary and sufficient for resultant growth without division . Increased Pol III transcription was observed in cardiomyocytes when MYC was elevated, and incubation with a chemical inhibitor of MYC/MAX binding prevented both increased Pol III target gene expression and increased cell volume on hypertrophic stimulation, suggesting that MYC is required for both . This is supported by preliminary data showing that hypertrophic enlargement of cardiomyocytes can be blocked with tagetin, a selective inhibitor of Pol III (Goodfellow and White 2007) . The level of the TFIIIB subunit Brf1 is rate-limiting for Pol III transcription in these cells and hypertrophy also induces Brf1 expression (Ernens et al. 2006; Goodfellow et al. 2006) . As Brf1 and MYC physically interact in cardiomyocytes, it seems likely that MYC exerts its influence on Pol III transcription in this context via direct interaction with the Pol III transcriptional apparatus (Ernens et al. 2006; Goodfellow et al. 2006 ), but secondary mechanisms such as up-regulation of Pol III subunits or cofactors may also occur. This is in accord with mechanisms already identified for MYC's regulation of Pol III transcription in proliferating cells. Therefore, increases in Pol I and Pol III activity are not merely a consequence of increased proliferation driven by MYC, but also occur in the absence of cell division to facilitate MYC-driven cell growth.
DOES MYC UP-REGULATION OF POL I AND POL III DRIVE TUMORIGENESIS?
Increased levels of Pol I and Pol III subunits, transcription factors and products are a feature of numerous cancers, but does MYC need elevated Pol I and Pol III activity to drive tumorigenesis? In Em-MYC mouse models, the MYC translocation found in Burkitt lymphoma leads to constitutive MYC transgene expression in the B-cell lineage and lymphoma development (Adams et al. 1985; Harris et al. 1988 ). B cells from Em-MYC mice show enhanced proliferation, increased protein synthesis and cell size (Iritani and Eisenman 1999) . In B cells from young healthy Em-MYC mice, Pol I subunits and cofactors are up-regulated, showing that increased Pol I activity precedes MYC-induced transformation (Bywater et al. 2012) . Enhanced protein synthesis seems a potent component of MYC's transforming ability in this transgenic mouse model, as restoration of protein synthesis to normal levels in Em-MYC mice via ribosomal protein L24 haploinsufficiency markedly delayed tumorigenesis (Barna et al. 2008 ). Reduced Pol I or Pol III activity might therefore impede tumor development in this system. Inhibition of Pol I transcription with the small molecule inhibitor CX-5461, specifically induced cell death in Em-MYC lymphoma cells without toxicity to normal B lymphocytes or discernible adverse effect on the health of mice (Bywater et al. 2012) . A one-third reduction in Pol I activity resulted in nucleolar disruption, p53 activation and rapid apoptosis (Bywater et al. 2012) . CX-5461 was effective against an array of hematopoietic tumor cell lines in culture, a mouse acute myeloid leukemia model of AML1/ETO gene fusion and in a xenotransplant with human myelomonocytic leukemia cells (Bywater et al. 2012) . Deregulated MYC may be a key factor in each of these examples and it is possible that aberrant MYC activity primes these cells for death by Pol I inhibition. CX-5461 is 300-fold more potent at killing Em-MYC lymphoma cells than Nutlin-3A, a small molecule p53 activator that is currently in clinical trials (Bywater et al. 2012) . In mice bearing Em-MYC lymphomas, prolonged dosing with CX-5461 resulted in a significant period of disease remission, although resistance is eventually acquired (Bywater et al. 2012 ). This groundbreaking work encourages optimism concerning the potential use of Pol I inhibitors in cancer therapy and a clinical trial using CX-5461 in leukemia and lymphoma patients has commenced (Hannan et al. 2013 ).
Although analysis is less advanced for Pol III, there are grounds to hope that it too might prove a useful target. BRF1 and GTF3C4, encoding subunits of TFIIIB and TFIIIC respectively, were identified as genes whose knockdown had a MYC-specific synthetic lethal effect in human mammary epithelial cells (Kessler et al. 2012 ). Both of these Pol-III-specific transcription factors have been found to physically interact with MYC Koch et al. 2007 ) and have also been identified as MYC target genes (Li et al. 2003; Sansom et al. 2007 ). In rat fibroblasts, partial knockdown of Brf1, to abrogate the up-regulation of Pol III activity induced by MYC transformation, did not impair proliferation but restricted MYCdriven anchorage-independent growth and tumor formation in mice (Johnson et al. 2008 ). This suggests that enhanced Pol III transcription contributes to the oncogenic functions of MYC in this context. Similarly, anchorage-independent growth of immortalized human fibroblasts induced by MYC can be suppressed using tagetin to inhibit Pol III (Shukla and Kumar 2012) . Therefore, Pol III transcription may make an attractive therapeutic target in cancers with deregulated MYC.
